The intrinsic hydration of three monopositive uranyl-anion complexes (UO 2 A) ϩ (where A ϭ acetate, nitrate, or hydroxide) was investigated using ion-trap mass spectrometry (IT-MS). The relative rates for the formation of the monohydrates [(UO 2 A)(H 2 O)] ϩ , with respect to the anion, followed the trend: Acetate Ն nitrate ӷ hydroxide. This finding was rationalized in terms of the donation of electron density by the strongly basic OH Ϫ to the uranyl metal center, thereby reducing the Lewis acidity of U and its propensity to react with incoming nucleophiles, viz., H 2 O. An alternative explanation is that the more complex acetate and nitrate anions provide increased degrees of freedom that could accommodate excess energy from the hydration reaction. The monohydrates also reacted with water, forming dihydrates and then trihydrates. [3, 4] . The solution chemistry of uranium is dominated by the uranyl ion, UO 2 2ϩ , for which recent theoretical studies [5] [6] [7] [8] have suggested that strong interactions between the cation and solvent molecules, with significant charge transfer, cause the solvating species to behave like equatorial ligands. Therefore, specific interaction with solvent is likely to influence the physico-chemical behavior of the uranyl ion and its complexes in the environment. Unfortunately, explicit control over the interactions of solvent and non-solvent ligands with the uranyl ion is difficult, which makes the study of species-dependent uranium behavior complicated. To gain a better understanding of the intrinsic interactions between different uranium species and solvent, we have turned to investigations of uranyl-anion complexes in the gas phase. Recent studies have shown that ion-trap mass spectrometry can be used to probe intrinsic metal and metal-complex chemistry by exposing metal species to reagent gases deliberately added to the ion trap [9 -20], or to adventitious H 2 O present in the He bath gas used to collisionally cool ions and improve trapping efficiency [21] [22] [23] [24] . Further motivating the present study is the fact that ion traps will shortly be used to characterize actinide speciation in samples from radioactive waste disposal sites, and a concise understanding of actinide behavior will be critical for correctly interpreting environmental data [25] .
T he speciation and reactivity of uranium is a topic of sustained interest because species dependent chemistry [1] controls processes ranging from nuclear fuel processing [2] to mobility and fate in the geologic subsurface [3, 4] . The solution chemistry of uranium is dominated by the uranyl ion, UO 2 2ϩ , for which recent theoretical studies [5] [6] [7] [8] have suggested that strong interactions between the cation and solvent molecules, with significant charge transfer, cause the solvating species to behave like equatorial ligands. Therefore, specific interaction with solvent is likely to influence the physico-chemical behavior of the uranyl ion and its complexes in the environment. Unfortunately, explicit control over the interactions of solvent and non-solvent ligands with the uranyl ion is difficult, which makes the study of species-dependent uranium behavior complicated. To gain a better understanding of the intrinsic interactions between different uranium species and solvent, we have turned to investigations of uranyl-anion complexes in the gas phase. Recent studies have shown that ion-trap mass spectrometry can be used to probe intrinsic metal and metal-complex chemistry by exposing metal species to reagent gases deliberately added to the ion trap [9 -20] , or to adventitious H 2 O present in the He bath gas used to collisionally cool ions and improve trapping efficiency [21] [22] [23] [24] . Further motivating the present study is the fact that ion traps will shortly be used to characterize actinide speciation in samples from radioactive waste disposal sites, and a concise understanding of actinide behavior will be critical for correctly interpreting environmental data [25] .
We recently demonstrated that electrospray ionization (ESI) and multiple stage tandem mass spectrometry (MS) can be used to generate and characterize "solvated", gas-phase complexes featuring the uranyl ion coordinated by hydroxide, nitrate or a series of alkoxides [26] . In the pilot study reported here, ESI was used to produce gas-phase ions from solutions containing uranyl nitrate or uranyl acetate in deionized H 2 O. The dominant species generated by ESI were those having the general formula [(UO 2 A)(S) n ] ϩ , where A represents hydroxide, nitrate or acetate, S represents water or acetic acid and 1 Յ n Յ 3. Significantly, these three types of anions represent those most likely to be encountered in samples derived from subsurface locations containing interred waste uranium. Multiple collisioninduced dissociation (CID) stages were used to eliminate coordinating water and/or acetic acid ligands to leave the monopositive cationic species (UO 2 A) ϩ . These complex ions were then isolated and stored, with minimal ion activation, to react with adventitious H 2 O present in the ion-trap mass spectrometer for time periods ranging from 1 ms to 10 s. From these experiments we have been able to determine relative intrinsic hydration tendencies for the complexes, which is an important step towards understanding the interactions between ligated uranium and solvent molecules.
Experimental
ESI-MS, multiple-stage CID and ion-molecule reactions were carried out using established procedures described elsewhere [22, 24, 26] . Briefly, ESI mass spectra were collected using a Finnigan LCQ-Deca ion-trap mass spectrometer (ThermoFinnigan Corporation, San Jose, CA). Uranyl nitrate or acetate solutions (1 mM in deionized H 2 O) were infused into the ESI-MS instrument using the incorporated syringe pump at a flow rate of 3-5 l/min. The atmospheric pressure ionization stack settings for the LCQ (lens voltages, quadrupole and octapole voltage offsets, etc.) were optimized for maximum ion transmission to the ion trap mass analyzer by using the auto-tune routine within the LCQ Tune program. The spray needle voltage was maintained at ϩ5 kV and the N 2 sheath gas flow at 25 units (arbitrary to the LCQ instrument, corresponding to approximately .375 l/m). To ensure maximum yield of solvated uranyl cation complexes, the heated capillary temperature was maintained between 110 and 130°C. Helium was used as the bath/buffer gas to improve trapping efficiency and as the collision gas for CID experiments.
CID was performed using isolation widths of 5-12 mass units (depending on the species), an activation Q (used to adjust the q z value for the resonant excitation of the precursor ion during the CID experiment) value of .3, activation amplitudes of 10 -20% (of 5 V) and activation times of 30 ms. Since the q z value influences the kinetic energies of the trapped ions, a constant value of was employed for studying dehydrated ions having different masses. The kinetic energy of the reactant ions is known to be inversely proportional to the rate of reaction [27] , principally because the reverse reaction of the activated complex is speeded up, and we found this to be explicitly true in our previous study of dioxo uranium cations [28] . Even though the present studies were conducted at pressures where the reverse reactions were probably negligible, utilization of a constant q z value improves reaction comparability. For intrinsic hydration investigations, all charged species other than the uranyl complex of interest were resonantly ejected from the ion trap. For quantitative comparisons, the complex ions were isolated and stored within the ion trap for times ranging from 1 to 1000 ms, to react with H 2 O present within the He bath gas. Following the isolation period, the precursor and product ions were scanned out of the trap and detected as part of the automated mass analysis operation.
Kinetic modeling of the addition of H 2 O to the uranyl-anion complexes was performed as follows. Fractional abundances of reactant and product ions were calculated by dividing the relative intensities of the precursor (complex) ion and adduct ions by the total ion abundance. The changes in fractional abundances with time were used to obtain relative values of the rate constants for the addition reactions using the Chemical Kinetic Simulator software package (CKS), available through a no cost license on the IBM website, which employs a stochastic algorithm to model the reacting system [29 -32] . Reactions involved in the system were assumed to be kinetically simple, having rate equations based upon reaction stoichiometry. In reality, the water addition reactions are certainly ternary, i.e., the He bath gas serves to collisionally stabilize activated intermediates and eliminate back reactions. Thus, the temporal evolution of the reactant ion and adduct intensities indicated that our experiments were conducted under pseudo-first order reaction conditions [33] . Previous studies have confirmed that the concentration of water present in the ion trap is large compared with the concentrations of solvent and reactant ion species that enter during the ESI process [23] . Putative rate constants for the reactions in the model system were changed incrementally until the concentration curves generated by the model fit the observed fractional abundances. The concentration of H 2 O is a required input parameter for CKS and which was kept constant during all experiments. Although concentration of water molecules in our ion trap cannot be quantitatively determined, [H 2 O] was estimated at ϳ8 ϫ 10 10 molecules cm Ϫ3 (or half of the total pressure) based upon ambient conditions existing in the ion trap (298K and 5 ϫ 10 Ϫ6 torr). Uncertainty in our knowledge of [H 2 O] in these experiments is unquestionably the greatest contributor to the absolute uncertainty of our rate constant measurements. Hence the rate constant measurements are most appropriately used for relative comparisons within the constraints of this study. Nevertheless, the value measured for the reaction of (UO 2 OH) ϩ ϩ H 2 O was within 30% of the value independently measured using a different ion trap technique (vide infra) [28] , which provides some confidence in the accuracy of the absolute k values [23] . Furthermore, rate constants for the formation of the monohydrates calculated using CKS were consistent with the order of magnitude of maximum rate constants predicted using the average dipole orientation (ADO) theory [34 -36] , which has been successfully employed to interpret kinetic data for other chemical systems investigated using ion trap mass spectrometers [16, 17] . Rate constants calculated for the formation of the second and third hydrates were fairly insensitive to minor adjustments in the rate constants (5-20%) but larger changes created significant deviation of the modeled concentration curves from the observed fractional abundances.
Precision in the rate constant measurements was dependent on the experimentally derived kinetic profiles; for trials conducted on the same day, the precision of individual ion abundances were on the order of 5-10% (relative standard deviation), and all trends were fully reproducible in five separate trials. Rate constant precision was bounded by calculating maximum and minimum values for the initial hydration reactions from "bootstrapped" data sets generated by incorporating abundance values from individual data sets that showed the largest variations. These analyses showed a maximum deviation of ϳ9% compared with the average values reported herein.
Preliminary ab-initio calculations were performed using the Gaussian 98 group of programs [37] . Our principal interest was in the lowest energy conformation of the uranyl-anion trihydrate complexes rather than absolute energy, enthalpy and free energy values. The complexes were optimized using density functional theory calculations and the B3LYP-SDD basis set. 5 ] 2ϩ , uranyl ion were modeled. The lowest energy conformations for both species, as generated using the B3LYP-SDD basis set, matched those reported in previous studies of similar systems using other basis sets [5, 7] . ϩ : in all three examples, decreasing precursor ion abundance was accompanied by increases in the abundance of species representing the addition of a first, second and third H 2 O ligand. The addition of a fourth H 2 O ligand was not observed, even for isolation times of 10 s. As noted in the Experimental section, the kinetics of the systems were successfully modeled by assuming that the reactions were kinetically simple, irreversible additions, having rate equations based upon reaction stoichiometry. The reaction schemes used for kinetic modeling and associated pseudo-first order rate constants are shown below.
Results and Discussion
The fact that reaction 1 for the hydroxide required no reverse reaction deserves comment, because a previous study [28] of (UO 2 OH) ϩ hydration by our groups using an ion trap-secondary ion mass spectrometer (IT-SIMS) emphatically indicated that significant back reactions were necessary to computationally replicate the observed kinetic profiles. These different observations are most probably reconciled by the fact that the uranyl species in the IT-SIMS experiments were reacting at pressures at least an order of magnitude lower than in the present ESI-MS experiments, and as a result were not completely thermalized. (Recent studies [38, 39] suggest that the buffer gas in the ion trap can assist in the dissipation of excess reaction energy, consistent with the observations made here). However, the kinetic treatment of the IT-SIMS experiments resulted in explicit rate constants for both the forward and reverse reactions, which enables comparison of the k 1 values measured in the two experiments. The value of 3 ϫ ϩ respectively. To the best of our knowledge, this is the first demonstration that the relative intrinsic hydration tendencies of the uranyl ion complexed by common inorganic and organic anions.
The dependency of rates of formation of ion-molecule complexes in the gas phase upon intrinsic factors such as the masses of the species involved, ionic charge, molecular polarizability and molecular dipole moment has been quantified using reparameterized averagedipole-orientation (ADO) theory [34 -36] . ADO theory has been used to predict capture rate constants, which provide the maximum value for the reaction rate constants of ion/molecule reactions occurring in the gas phase. Calculated capture rate constants for the sequential hydration of the uranyl complexes are shown in Table 1 . The change in percent efficiency of the hydration reactions may be qualitatively interpreted as a measure of the aggregate contribution of several factors to the hydration behavior of the complexes. These include the ability of the complex to distribute excess energy from reactive collisions, the electronic influence of existing ligands on the ion's ability to attract and bond additional ligands, and the influence of geometry and intramolecular interactions on complex stability.
The basicities of the anionic ligands increase in the order NO 3 Ϫ Ͻ CH 3 COO Ϫ Ͻ OH Ϫ . Total e Ϫ density around the metal center of the uranyl complex is expected to increase with increasing basic strength of the anionic ligand. The magnitudes of the stability constants for the uranyl-anion complexes [40] are consistent with this expectation. Also, the O¢U¢O symmetrical Raman stretching frequencies decrease with increasing basicity of the anion, indicating a weakening of the U¢O bonds as the basic strength of the anion increases [7, 40, 41] , and consistent with increased electron density being present at the metal center. ϩ , and their monohydrates, suggesting that other factors may significantly influence the initial intrinsic hydration tendencies of these complexes. Additional degrees of freedom (df) within nitrate and acetate could distribute excess energy from reactive collisions within the molecule and stabilize the nascent uranyl-anion-water complex, which would result in greater hydration reactivity of complexes containing these anions relative to the OH Ϫ complex. Our earlier study showed that multiple-stage CID of alcohol-coordinated uranyl nitrate will generate monopositive uranyl alkoxides [24] via the elimination of HNO 3 . Preliminary studies of intrinsic hydration indicate that, relative to uranyl hydroxide, the rate constants for the formation of the monohydrate to the methoxide, ethoxide, n-propoxide and n-butoxide increase by factors of ϳ5, 14, 30, and 34, respectively [38] . The rate constants for the formation of the di and trihydrates also increase with the size and complexity of the alkyl group of the alkoxide. Similar results have been observed in preliminary investigation of the intrinsic hydration of uranyl acetate, propanoate and butanoate (i.e., the rates, in general, increase with the size and complexity of the carboxy anion). Taken together, the results suggest a positive influence on hydration rate by increased df. Attempts to generate monopositive cations containing chloride, bromide and iodide failed as the precursor complex ions eliminate HCl, HBr, and HI to generate (UO 2 OH) ϩ . In general, hydration rates would be expected to decrease as the number of water molecules coordinated to the uranyl-anion complex increases, due to increased electron density transferred to the U(VI) ion; therefore, the increase in k 2 relative to k 1 observed for (UO 2 OH) ϩ is of particular interest. The larger value for k 2 , which describes addition of H 2 
ϩ , supports the hypothesis that additional df are important for ϩ complex, and previous modeling studies have shown such intramolecular interactions influence the preferred geometries of gas phase complexes [42] . However, calculated structures for the stable, hydrated hydroxyuranyl complexes do not appear to support this (vide infra). It is worthwhile noting that the relative ordering of the rate constants mirrors earlier studies of hydrate thermodynamics for first row transition metal monocations M ϩ , which showed that the bond energy for the second water molecule was Ն that of the first [43] [44] [45] [46] [47] [48] ; since this trend was not observed for alkali metals, it was rationalized in terms of orbital rehybridization. Since orbital rehybridization is also significant in the uranyl system [41] , measurement of bond energies for the three H 2 O molecules attached to (UO 2 OH) ϩ is needed, but cannot be accomplished using the present experimental setup.
Regardless of the coordinating anion, the uranyl complexes investigated here accepted a maximum of 3 H 2 O ligands. Work by Vachet and Callahan suggested that the nitrate and acetate anions, within gas-phase transition metal complexes, are primarily bidentate ligands [11] . The acceptance of 3 H 2 O ligands by (UO 2 NO 3 ) ϩ and (UO 2 CH 3 CO 2 ) ϩ is consistent with the formation of gas-phase complexes with pentagonal bipyramidal conformation, with two equatorial coordination sites occupied by O atoms of the anions, reminiscent of the structures of uranyl complexes in solution [1] [2] [3] and generated computationally [5] To evaluate this possibility, density functional theory (DFT) calculations using the B3LYP-SDD basis set were conducted. The octahedral structure of [(UO 2 OH)(H 2 O) 3 ] ϩ had been recently calculated by Oda and Aoshima [7] , and was repeated here to evaluate the approach. The minimized structure had an axial U¢O bond distance of 1.799 Å, which was in excellent agreement with the previously reported values for hydroxy-uranyl complexes [7, 8, 49] . The equatorial U™OH bond (2.04 Å) was 0.05 Å shorter than the value calculated by Oda and Aoshima, and the equatorial U™OH 2 bond lengths (2.44 -2.47 Å) were ϳ0.1 Å shorter. These variations are not particularly surprising since a different basis was used, and Oda noted minor variations depending on the basis set employed. This comparison provided some validation for the computational approach [7, 40, 41] .
Calculations generated two energetically competitive conformations for each of the trihydrate complexes containing uranyl nitrate and acetate (Figure 2 ). The axial U¢O bond length was 1.780 Å for these complexes; this value was shorter than that for the hydroxy complex, consistent with earlier studies [7, 40, 41] . The lowest energy conformation for hydrated (UO 2 NO 3 )] ϩ included the nitrate ligand as bidentate with respect to U. The H 2 O ligands are oriented vertically (parallel to the axis of the uranyl ion), in accord with structures for hydrated UO 2 2ϩ reported earlier [5, 7] . A second stable conformation was identified in which the nitrate ion is monodentate with respect to U; this was ca. 6.5 kcal/ mol higher in energy, and involved a hydrogen bond between nitrate and one H 2 O ligand. The calculations suggested that the monodentate conformation for hydrated (UO 2 CH 3 CO 2 ) ϩ is lowest energy, but that the mono-and bidentate conformations differed by only ϳ.5 kcal/mol. The fact that the monodentate structure is more stable in the case of (UO 2 CH 3 CO 2 )
ϩ is likely attributable to a strong hydrogen bond between acetate and a rotated cis-H 2 O ligand, in which a H atom is within 1.429 Å of the carbonyl oxygen atom. The uranyl acetate complex is presumably capable of converting to a conformation that includes coordination at only four equatorial sites, which together with the fact that the hydrated uranyl hydroxide complex contains fewer than five equatorial ligands, shows that the acceptance of an additional H 2 O ligand to complete the coordination sphere does not occur readily under the gas-phase.
In summary, the results of this study indicate that the intrinsic hydration of monopositive uranyl-ligand complexes is markedly influenced by the nature of the coordinating ligand. The experimental approach thus provides an avenue for understanding ligation of UO 2 2ϩ complexed with other anions such as phosphates, polycarboxylates, and silicates that are important in industrial and environmental processes. Future experimental and theoretical studies of these systems will further clarify the preferred geometries of the complexes, the extent to which degrees of freedom in the anion and intramolecular hydrogen bonding contribute to stabilization of the collision complexes. Systematic variation of the Lewis and Bronsted acid/base properties of the ligands are underway, which should enable discernment of the relative roles of ligand basicity, degrees of freedom, and intramolecular hydrogen bonding in fostering solvent interactions. We are also currently pursuing the production of analogous doubly and singly charged uranyl complexes (i.e., similar composition and coordination number/structure) to facilitate an investigation of the influence of overall complex charge state on hydration tendency.
